Abstract: AC machines fed by a single inverter are widely used in industries such as railroad electrification systems where speed synchronization does not have to be exact. The low cost and volume and the small number of power electronic components are attractive aspects of single-inverter multi-motor systems. This paper proposes a novel approach to controlling the speed and torque of two induction motors connected in parallel and fed by a matrix converter under unbalanced load condition. This single-inverter dual-motor (SIDM) drive uses average and differential values of speed and torque together with stator and rotor flux parameters based on the flux dead-beat scheme. An advantage of the proposed approach, compared with the conventional direct torque control (DTC) method, is that it eliminates the lookup table and lowers the torque and current ripple through the use of the PI controller instead of hysteresis blocks. Combining DTC and space vector modulation (SVM) with a matrix converter (MC) and achieving the unit input power factor are other advantages of the present study. The main purpose of this study was to propose a new drive system with an MC for two parallel-connected induction motors using the DTC method and SVM consisting of a flux dead-beat scheme.
Introduction
Using a single inverter to control multiple motors has attracted much attention. This approach has such advantages as the small number of insulated-gate bipolar transistors (IGBTs) and the low weight and volume of the inverter, which decrease system complexity. This approach is preferred in cases where exact speed synchronization between motors is not required [1] . In many industrial applications, such as paper or steel rolling mills and railroad electrification systems, multiple motors are controlled simultaneously [2] . The motors can be connected in series or in parallel and can be controlled independently. It should be noted that the stator winding of two-or multiphase motors can be connected in series or in parallel, but in three-phase motors just parallel connection is possible [3] .
The potential problems in the single-inverter dual-motor (SIDM) control are as follows: (1) when a common voltage vector is applied, stator flux in both motors is instantaneously placed in one direction, and (2) when unbalanced load condition occurs, the speed of the motors does not reach the desired point [4, 5] . * Correspondence: abbaszadeh@kntu.ac.ir
Recently, there has been interest in dual-motor drives fed by a multiple-leg inverter. For example, the vector control method presented in [6] uses a four-leg inverter, and the approach introduced in [7, 8] draws upon a five-leg inverter. Both types of inverters can feed the two motors with different voltage vectors. However, increasing the number of motors leads to an increase in the number of capacitors and IGBTs [9] . Another choice is the matrix converter (MC), which, like multilevel converters, provides a large number of voltage vectors for modulation. The main advantages of the MC are the ability to generate sinusoidal input-output voltage and current and the possibility of adjusting input power factor [10, 11] . The MC is recommended for extreme temperature conditions and critical volume/weight applications [12] .
Two key considerations in SIDM systems are control and modulation. The existing control strategies are essentially of two main types:
1) The master-slave (MS) pattern, which is preferred in identical machines. In this pattern, in order to maintain the stator flux at its nominal value, the motor with the greatest stator flux magnitude is selected as the master, and the behavior of slave motors is not checked. However, the problem with this choice is that the behavior of slave motors may not be acceptable in some conditions [1, 4] .
2) The mean control pattern, where the average and differential values of the speed and current of the motors are calculated. A significant drawback of this choice is that the stator flux of any of the motors may exceed the reference value [4] .
Furthermore, there is a third pattern, which is a combination of the above-mentioned patterns [1] .
Each of the patterns discussed above can be implemented via vector control or direct torque control (DTC) methods. Most of the studies into SIDM systems have focused on the former. For instance, Matsuse in [13] proposed a sensorless vector control method on the basis of the mean value pattern and the sum of the torque values of two induction motors using a three-leg inverter. Furthermore, [14] compared the effect of the P controller with that of the PI controller in the torque control loop. Moreover, the weighted vector control method propounded in [2] can improve the speed characteristics and start-up conditions of both motors. Study [15] replicated [2] taking account of differences in torque values and obtained better results. The authors of [16] proposed a straightforward method on the basis of direct vector control for two parallel-connected induction motors fed by a single inverter.
The use of the DTC method in SIDM has been the subject of a few studies. Study [17] proposed a method according to the MS pattern and based on the conventional DTC method to control a system consisting of two permanent magnet synchronous motors fed by a three-leg inverter. The DTC approach provides easier torque control, allows fast dynamic response, and does not require rotary coordinate transformation and independence of motor parameters [18] . However, it has more torque and current ripple [19] . One of the solutions to this problem is space vector modulation (SVM), which provides continuous space vector for voltage modulation [20] .
A review of the existing literature reveals that using the MS pattern implemented via the DTC method yields better results than the situation where it is implemented via the vector control method. However, the opposite is true for the mean control pattern [1] .
There is no report, to the best of our knowledge, of the use of DTC-SVM in SIDM systems fed by an MC. The present study was an attempt to combine the mean control pattern and the DTC approach with SVM via the flux dead-beat scheme so as to find reference voltage vector equations for two induction motors fed by an MC. This combination enables the SIDM drive to reduce torque and current ripple and to obtain the unit input power factor. Therefore, it improves the control performance of the drive system. In addition, if resistance voltage drop is ignored, the calculations required to generate the proper control voltage vector are simplified. Moreover, the propounded approach eliminates the lookup table and the nonlinearity effect of the hysteresis blocks through the use of the PI controller.
The purpose of the study reported here is threefold: (1) to introduce a novel drive system with a matrix converter for two parallel-connected induction motors through the DTC-SVM method with a flux dead-beat scheme; (2) to lower the torque ripple more than does the conventional DTC; and (3) to maintain the stability of motor speed under unbalanced load circumstances. The remainder of the paper is as follows. In Section 2, the proposed control method is delineated. Section 3 presents and discusses the simulation results. Finally, conclusions are given in Section 4.
The proposed DTC-SVM method
A solution put forward to control SIDM drives on the basis of the conventional DTC fed by an MC makes it possible to generate the voltage vectors necessary for the implementation of the DTC of two motors under the constraint unity input power factor. In this method, two different tables are established depending on the position of the stator flux vectors of the motors in relation to each other and, in other words, according to whether the two vectors are located in the same sector or in two adjacent sectors. Eventually, based on the output of the hysteresis blocks of the torque and flux, two lookup tables are drawn [17] . If two-level hysteresis blocks are used, there will be 16 states in the lookup tables, and 36 states if three-level blocks are used. Due to the changes in the hysteresis bands of the torque and flux and variations in motor speed, the switching frequency will be variable, and this will increase torque ripple. The present study seeks to propose a new DTC-SVM method that, while enjoying the benefits of the conventional DTC method, is capable of coping with the problem involved. Although the proposed method is more difficult to implement, it can significantly reduce the torque ripple.
Induction motor equations
An induction motor in the synchronous reference frame can be described using the following flux and voltage equations [20] :
where λ 
The leakage flux vector is defined in (7):
where
State equations can be rearranged in the following form using the equations above [20] :
By introducingX e as (10), the stator equation can be written as (11) :
Eq. (11) can be approximated as (12) by eliminating voltage drops caused by the stator and rotor resistance [20] .
] V e dq (12) Parameters in (12) are defined as follows:
The electromagnetic torque can be determined by multiplying stator and rotor flux components together as (14) [20] :
λ r in relation to the stator flux can be written as
The proposed DTC-SVM using a flux dead-beat scheme
The flux dead-beat scheme helped minimize torque ripple in one sampling period T sp by choosing the appropriate voltage vector.
Stator flux error is related to the applied voltage vector, as seen in (16) [20] :
If (13) and (14) are applied to each motor, two equations are obtained. These equations are combined so that the average referencesV e * d andV e * q are calculated as follows: 
The flux linkage space vectors of the two induction motors are illustrated in Figure 1 . 
System configuration in the proposed DTC-SVM
The proposed method entails four main steps (Figure 2) . First, the values of stator and rotor flux are calculated via Eq. (15) . Thenλ * σq is calculated by putting the reference torque value, which is the output of the PI controller, in (19) . Subsequently, the voltage vector is calculated in the synchronous reference frame using (17) and (18) . Finally, the angle of input voltage vector is calculated in order to obtain unit input power factor. The magnitude and phase angle of the reference voltage vector are sent to the SVM modulator to issue proper commands to the MC [21] . 
Results and discussion
The proposed DTC-SVM method was compared with the conventional DTC method via some numerical simulations in order to study the steady-state and dynamic performance. 
Unbalanced load test
The conventional and proposed methods were subjected to the unbalanced load condition. The speeds of the motors were set at 1000 rpm, and both motors were started under no-load condition. After 1.2 s, torque values of 400 Nm and 200 Nm were applied to Motor 1 and Motor 2, respectively. The simulation results are presented in Figures 3 and 4 , in that order. Figures 5 and 6 show more details about the speed curves. As can be seen, in both methods, both motors followed the torque command. Furthermore, fluctuations can be observed in the torque curve for 0.2 s after the occurrence of step change in the load. In the propounded method, these fluctuations occurred in the motor subjected to the lower load, while in the conventional approach the fluctuations took place in the motor under higher load. Lastly, in our method, the curves of the two motors reached the final point faster. According to Figures 3b and 4b , torque ripple was reduced significantly in the proposed approach. 
Change in speed step under unbalanced load condition
An investigation was made into the effect of changes in the reference speed on the transient and steady-state performance in the proposed DTC method. Both motors were started under no-load condition, but the load of Motor 1 was changed to 400 Nm after 2 s. After 4 s, when the reference speed was changed from 500 rpm to 1000, both motors followed the speed command closely.
According to Eq. (22), at t = 4 s, due to the increase in the speed of motors, dω dt > 0 , and consequently the torque of motors would be more than the reference torque value.
where J is motor inertia. Figure 8 emphasizes the ability of the proposed method to generate electrical power when motors brake in low speed condition. This section can also be done with nominal speed, but it emphasizes the proposed system ability at low speed under regeneration condition. According to Figure 8 , torque was changed from +400 Nm to -400 Nm after 3 s, with speed being set at 500 rpm. The torque of two motors demonstrates appropriate response and current waveform has regained sinusoidal form immediately after step change. Moreover, the speed followed the reference values very well.
Dynamic performance during a change in torque command
As can be seen in Figure 9 , sinusoidal voltage is in phase with the corresponding filtered current at the input side of the MC, and this confirms the validity of the propounded DTC-SVM approach to operate under unit input power factor. When the torque command changes, the direction of motor current changes. Therefore, the phase angle difference between input current and corresponding voltage is about π radians, indicating that the machines now generate electrical power. It is worth noting that, in this case, motor speed is higher than the reference speed because slip is higher than 1.
Conclusions
This study drew upon average and differential values of speed and torque and also stator and rotor flux parameters based on the flux dead-beat scheme to control two parallel-connected induction motors fed by an MC under unbalanced load condition. This new DTC-SVM method eliminates the lookup table and reduces the torque and current ripple by replacing hysteresis blocks with the PI controller. Another advantage of the propounded approach is that it achieves the unit input power factor. Lastly, this method is capable of maintaining the stability of motor speed under unbalanced load conditions.
